The rheological effects occuring when an emulsion is mixed with a suspension can be detected using a helical ribbon stirrer. The stirrer rotates in a rheometer cup and is connected to the torque sensor of the rheometer. During mixing, microstructural changes which are related to the interactions between the continuous fluid phase and the disperse droplets (or disperse solid particles) as well as between droplets and particles will have a strong impact on the measured apparent viscosity. Phase interactions and surfactant influences can thereby be described in terms of their effect on the viscosity of the mixture. The viscosity trend during the mixing time is strongly dependent from the disperse phase concentration of the suspension, the polarity of the suspension particles and from the nature of the emulsifiers used. When a structural equilibrium is reached, the apparent viscosity as measured with the stirrer can be recalculated using the Rieger-Novak and the Metzner-Otto approach. This allows for a comparison of the apparent viscosities as determined by means of the stirrer and viscosities as determined in uniaxial shear in the concentric cylinder geometry. As microscopic observations demonstrate, the final state of the mixture of emulsion and suspension is the state with the energy minimum of the interfacial system, i.e. the total interfacial area is minimised by forming water containing agglomerates in a continuous oil phase.
INTRODUCTION
A considerable amount of scientific work has been dedicated to the stability of emulsions in the presence of solid particles [1] , [2] , [3] . Many food dispersions, like mayonnaise, margarine and butter, contain solid particles in the continuous or disperse phase. Depending on the contact angle between solid particle, continuous and disperse fluid phases, the solids can destroy or stabilize the emulsion [3] . The destructive effect of particles stems from the fact that solids can penetrate the interface of the emulsion due to their contact angle or under mechanical impact. This promotes coalescence. The stabilising effect of solids is based on the buildup of a particle network at the oil-water interface, which results in a particle stabilised emulsion. This phenomenon is called Pickering stabilization.
In this article, we focus on the rheological changes occuring when a suspension is mixed with an emulsion. The flow properties of such mixtures is relevant for new calorie-reduced food products like fat-based spice preparations for example. The viscosity of the mixtures of emulsions and suspensions should not increase too much during the mixing, wherefore interactions between the emulsion components and the suspension particles must be carefully controlled and minimized.
MATERIAL AND METHODS
As a model system for the water-in-oil (w/o) emulsion, deionised water in a triglyceride, Akomed R from Karlshamns AB (Karlshamn, Sweden) was used. The model suspension consisted of hollow borosilicate glass spheres Sphericel from Potters-Ballotini (Düsseldorf, Germany) with particle sizes ranging from 5 to 25 µm suspended in the same triglyceride. The particles are delivered as is with the hydrophilic glass surface or with a hydrophobic coating involving γ-methacryl oxypropyltrimethoxysilane. The triglyceride had been purified using silica gel 60 from Fluka Chemie AG (Buchs, Switzerland) in order to remove surface-active trace components inherent in natural and processed oils. These may interact with added emulsifiers and therefore are undesirable. The purification effect was controlled using interfacial tension measurements [4] , [5] . The emulsifiers used in the suspension or emulsion were: -Tween 20 from ICI Surfactants (Cleveland, England), a polyoxyethylene sorbiton monolaurate -Sternpur PM from Stern Chemie (Hamburg, Germany), a deoiled soy lecithin -PGPR 90 from Danisco (Zug, Switzerland), a polyglycerol polyricinoleate -Metarin P from Lucas Meyer (Hamburg, Germany), a deoiled soy lecithin powder
The surfactants were dosed at 0.5% (w/w emulsion) in the emulsion and 0.305% (w/w glass spheres) in the suspension. The w/o emulsion containing 50% (w/w) water was produced in the rotor stator dispersing device Polytron from Kinematica AG (Littau, Switzerland). The suspension was prepared by covering the glass spheres with the triglyceride in a 100ml beaker, shaking and storing for 10 hours in an oven at 40°C and 55-80 mbar to avoid moisture uptake. The suspension was stirred manually prior to mixing with the emulsion.
To assess the mixing behavior of the emulsion and the suspension, the strain-controlled rheometer ARES by Rheometric Scientific (Piscataway, USA) was used. 24 g of suspension was poured into the rheometer cup of the concentric cylinder geometry and covered with 6g of the emulsion. The cup diameter was 34 mm and 44.6 mm in height. The suspension and emulsion phases were mixed using the helical ribbon impeller shown in Fig. 1 . The cup was mounted to the rheometer support, the impeller installed on the torque sensor of the rheometer and lowered into the two phases in the cup. The gap between rheometer cup and impeller was adjusted to 2mm. The mixing was done by rotating the rheometer cup at constant speed during time intervals of 300 s. The speed was increased from 0.48 to 0.95, 1.6 and 3.18 rev/s for each time interval in order increase the mechanical stress acting during the mixing. Thus, structural changes occuring only under high energy input could be detected as well. The temperature was kept at 20 +/-0.2°C. The principle of this process is shown in Fig. 2 . The torque and the rotational speed were recorded during the experiment. The ratio of torque vs. rotational speed (Md/n) was considered to be an integral measure for the viscosity of the mixture and was calculated from the recorded values.
To express the flow behavior of the mixtures by flow curves, a 45% suspension of hydrophobic particles was mixed with an emulsion containing PGPR during 600 s at a constant torque of 3.1 mNm in the stress-controlled rheometer DSR from Rheometric Scientific (Piscataway, USA). The cylinder cup used was 32 mm in diameter and 54.5 mm in height. A flow curve was measured on the mixture with the helical ribbon stirrer applying torques ranging from 0.37 mNm to 9.2 mNm. Following this, the mixture was measured in the conventional concentric cylinder geometry using the same cup and and an inner cylinder of 29.5 mm diameter and 44.3 mm height with stresses ranging from 1 to 300 Pa. The flow curve of these shear thinning fluids without yield value can be fitted well to a power law:
Where h is the viscosity, γ · the shear rate, K a consistency factor and m a flow exponent. The rep- The Ne/Re plot and the laminar power characteristics constant of the geometry c 1 = 158 was determined in a previous work by Braun [6] . Inserting this value into Eq. 3 yields the representative viscosities at a given rotational speed, n. Similar calculations are part of the RiegerNovak procedure for the scale-up of stirrers.
The Metzner-Otto procedure is based on the experience that the representative shear rate is a linear function of rotational speed for a given stirrer:
The slope of the respective plot is the stirrer constant, k*. For each representative viscosity obtained from Eq. 3, the respective shear rate for the concentric cylinder geometry is calculated from Eq. 1. The obtained shear rate is plotted as a function of rotational speed according to Eq. 4 and a linear fit is made. In this case, the stirrer constant, k*, was determined to be 9.12 with a regression coefficient, R 2 ,of 0.95. Multiplying the measured rotational speed with k* results in the representative shear rates in the helical ribbon geometry. The structure of the mixtures was observed under an inverse microscope Nikon Diaphot TMD (Nikon AG, Küsnacht, Switzerland) was used. A CCD video camera Sony SSC-M370CE (Vitec Video-Technik AG, Zürich, Switzerland) was used to transfer the images to a video recorder Panasonic AG-7355-E (Vitec Video-Technik AG, Zürich, Switzerland). A time-base corrector NovaMate MXT 1RT (Nova Systems Inc., Canton, USA) was applied to process the video data and an Apple Macintosh Computer with a digitalizing card QuickCapture DT2255-50Hz (Data Translation, Marlboro, USA) to acquire and store image data. Fig. 3 shows the viscosity progression of a mixture of an emulsion containing 50% water and 0.5% PGPR as emulsifier with a suspension of hydrophilic glass beads in purified triglyceride at 20°C. As Fig. 3 demonstrates, the mixing procedure is very well reproducible in the beginning. The first 20 s of mixing yield a macroscopically homogeneous mixture, as can be observed visually. The overall viscosity is almost constant during this gross mixing and subsequently increases during the first 50 to 100s. For suspensions containing more than 10% glass spheres, the viscosity decreases abruptly after 60 to 70 s and subsequently exhibits an oscillating trend. A close observation of the mixing process shows that in these mixtures, a plug has formed around the impeller, which has partially lost contact to the highly agglomerated and highly viscous mass in the periphery of the cup. A region with slight phase separation lies between the plug and the bulk. Thus, the torque measurement is no longer valid from the onset of plug formation and the related oscillating trend.
RESULTS AND DISCUSSION

FACTORS AFFECTING THE PROGRESSION OF VISCOSITY
Disperse Phase Concentration F F
The results point at the strong influence of solids concentration in the suspension on the stability of an emulsion. The increasing viscosity following a rough mixing phase suggests interactions between the water in the emulsion and the suspension particles.
Polarity of The Suspension Particles
As pointed out before, the contact angle of the solids has an important influence on the stability of emulsions that contain them. The contact angle can be modified (reversibly) by using surfactants that attach to the oil-particle interface or (irreversibly) by using solids of different polarity [3] . To model a food suspension of hydrophilic particles, conventional glass beads were used. To study the behavior of hydrophobic particles, coated glass beads as described above were applied. The emulsion containing 50% water and 0.5%PGPR was used for these tests. The resulting mixing behavior is shown in Fig. 4 . At the same disperse phase concentration, both mixtures exhibit the same initial viscosity. The flow behavior is exclusively governed by disperse phase concentration at this stage and the interactions between the hydrophilic or hydrophobic particles in the suspension only have a small effect as compared to the structural changes resulting from droplet-particle interactions occuring later on. The mixtures of the conventional glass spheres increase very quickly in viscosity. They lump to form a plug in the case of the 40% suspension or to build fine, grainy agglomerates in the case of the 10% suspension. The coated, hydrophobic suspensions have a clearly slower increase in viscosity. No plug is formed, both mixtures of suspension and emulsion remain fluid and even the higher concentrated suspension does not exhibit phase separation. Due to thermodynamic reasons, all suspensions tend to flocculate. Their stability depends on the interparticle interactions and the interactions between particles and fluid. Suspensions containing hydrophilic particles in a hydrophobic continuous phase tend to agglomerate stronger and exhibit a higher viscosity than systems in which the polarity of both phases is very similar. This rule is called "Polaritätsdifferenzregel" (polarity difference rule) [7] . Yield value and viscosity of dispersions depend on the viscosity of the continuous phase, number and ratio of phases, the aggregation state of the phases, the size and form of the particles, their surface properties and the interparticle interactions as well as the interaction between particles and continuous phase [8] . The presence of particles in a liquid increases the viscosity because of the particles' effect on the flow pattern [9] . The Einstein equation relates the suspension viscosity to particle concentration and continuous phase viscosity at low concentrations. The Krieger-Dougherty equation accounts for the crowding effect of particles and applies for higher concentrations [10] . Both equations do not take into account viscosity effects due to particle interactions, particle solvation or non-sphericity of particles. In concentrated suspensions, particle interactions are very important. Particle charges give rise to electrostatic repulsion, whereas Van der Waals interactions result in attractive forces. Hydrophilic or hydrophobic interactions promote particle aggregation and the build-up of a particle network at high disperse volume concentration. These particle interactions can be modified by steric interactions originating from emulsifiers or polymers adsorbed to the particle surface [11; 12] . In an oil-continuous system, the emulsifier molecules coat hydrophilic particles with the polar head group adsorbing to the hydrophilic particle surface and the hydrophobic domains of the molecule reaching into the continuous phase. Thus, hydrophilic particle interactions can be reduced and the viscosity of the suspension decreases [7] .
An increase in viscosity as displayed in Fig. 4 generally means that structures are built up within the mixture. During the mixing process of the emulsion and the suspension, the aggregation state of the phases may change if we consider mixing phenomena exclusively. If we take into account coalescence effects of the emulsion as well, size and form of the particles are no longer constant and the surface properties of the solids may be altered by water adsorption to the solid's surface. This strongly affects the difference in polarity of the glass sphere surface, as water increases the difference in polarity between the continuous and the disperse phase. Thus, the strong increase in viscosity of the mixture can be explained.
Effect of Emulsifiers
Emulsifiers are often used in concentrated food suspensions to modify the flow behavior or the stability of the solid particles in them. This is derived from the fact that surfactants adsorb or are chemically grafted to the surface, which modifies the interparticle forces. On the other hand, surfactants or polymers may enhance flocculation when they are dissolved and moving freely in the medium [13] . Surfactants are also needed to produce stable emulsions. Hence, emulsifiers are usually present in the suspension and in the emulsion. How do the surfactants in the suspension interact with the emulsifiers in the emulsion? If the two surface-active components differ or are used at different concentrations within the two phases, adsorption and desorption effects exceeding the normal dynamic adsorption equilibrium can occur. These exchange effects are prone to destabilize the emulsion, which is used in the oil refining industry to break up crude oil emulsions [14] . As the rapid destabilisation of the emulsion leads to increasing viscosity, these effects are undesirable.
Interactions between emulsifiers as reflected by the mixing viscosity are shown in Fig. 5 . The four curves refer to experiments with a 10% (v/v) suspension containing Tween 20 or Sternpur PM as emulsifiers and emulsions containing PGPR or Metarin P. As can be seen, the viscosity of the mixture displays a strong interaction between the emulsifier in the suspension and the emulsifier in the emulsion. The emulsion containing PGPR increases particle interactions very quickly and strongly, especially in the case of Tween 20 in the suspension. The above mentioned plug formation occurs for the Tween/PGPR combination only. The emulsion containing Metarin P results in more stable mixtures and only slow interactions in the case of Sternpur PM/MetarinP. The information that can be concluded from the viscosity trend in Fig. 5 is that the speed at which the emulsion breaks up, the wetting of the surfaces and the impact of these changes on viscosity depend on the emulsifiers used in both the emulsion and the suspension. Thus, to keep viscosity at a low level, the most suitable emulsifier combination has to be assessed. It has to be proved yet if these interactions in terms of mixture viscosity are also dependent from real exchange processes at the interface. Rheometric methods on the suspension systems can be used to elucidate this subject, which will be dealt with in further experiments.
CONVERSION OF VISCOSITY VÏALUES
So far, the ratio of torque to rotational speed was accepted to be a good measure of the overall viscosity of the mixture. It is shown here that for stable mixtures which do not undergo considerable structural (and thus rheological) changes, the torque and rotational speed can also be used to characterise the flow behavior of the mixture in terms of a flow curve. As described above, the torque vs. rotational speed values can be converted to viscosity vs. rotational speed. The char- acteristics of the obtained flow curve can then be compared with a flow curve measured in a conventional rheometer geometry.
A 45% suspension of hydrophobic particles was mixed with an emulsion containing PGPR during 600s at a constant torque of 3.06mNm in the DSR rheometer. A flow curve was measured using the helical ribbon impeller first and a concentric cylinder geometry afterwards. The results are shown in Fig. 6 The graph demonstrates that by converting torque values to representative viscosities, a curve of similar characteristics as the measurement in the concentric cylinder geometry is obtained. Additional conversion of rotational speeds to representative shear rates yields a plot which is almost identical with the concentric cylinder measurement. Differences in the two curves derive from the fact that the linearity of representative shear rate vs. rotational speed is not perfect, with the regression coefficient R 2 being 0.95. In the case of this emulsion/suspension mixture, a valid measurement with the concentric cylinder system was possible within the range of 220 s -1 to 2 s -1 . The viscosity measurement in the shear rate range below 2 s -1 was distorted by wall slip effects in the concentric cylinder geometry. Viscosity data are only valid at shear rates or shear stresses above the breaking point of the flow curve. The values below this stress are strongly influenced by wall slip [15] . The slight inflexion point of the curve "concentric cylinder" at 2 s -1 equals this breaking point. The stirrer curves' slip regions are shifted towards lower shear rates as compared to the concentric cylinder.
This analysis shows that a calculation from the raw data torque and rotational speed to viscosity and shear rate is possible. The fact that the flow curve derived from the Rieger-Novak procedure ressembles the flow curve with the concentric cylinder indicates that the flow for the shear thinning fluid around the helical ribbon stirrer is not distorted by heavy agglomeration at the stirrer surface and around it.
STRUCTURE OF THE MIXTURES
Observations under The Light microscope
As discussed in section 3.1.2, the viscosity of the emulsion-suspension mixture is a function of its underlying structure. In this paragraph, the most important structural observations and the change in structure shall be discussed. The following picture, Fig. 7 , is a mixture of 80% (w/w) of a suspension containing 10% (v/v) hydrophilic glass spheres mixed for 100s with 20% (w/w) of emulsion containing PGPR at 0.48 rev/s and observed under the microscope. The glass beads and the emulsion droplets can be recognised in the continuous oil phase. The emulsion droplets have partially adsorbed to the glass spheres. Under the microscope, coalescence phenomena can be observed, which happen between two water droplets and water droplets and beads, i.e. the mixture is not stable even at rest. The activation energy for film drainage and coalescence is provided by the thermal energy at 20°C. The identical mixture exhibits far stronger aggregation and the buildup of a particle network after 18 minutes of mixing time.
The aggregates consist of glass beads and water between the particles and on their surface. Some water droplets still remain. The spreading of the water in the agglomerate can be observed at rest under the microscope. The water wets the particles very slowly on their surfaces, but is virtually sucked into the interparticle spaces.
STRUCTURE MODEL
The microscopical observations can be described in a model as shown in Fig. 9 . The emulsion and the suspension are stable systems with saturated interfaces at the beginning of the mixing process. The contact with the solids of the suspension destabilises the emulsion in the mixing process. Due to their lower capillary pressure, the larger droplets of the emulsion are disrupted first. The free water adsorbs to particle surfaces and increases their hydrophilic interactions with other suspension particles. Moreover, liquid bridges can form between the solids. This leads to an increasing tendency of the solids to agglomerate, thereby forming agglomerates which build up a network at higher disperse phase concentration. Hydrophobic particles undergo the same changes, but slower. They form weaker networks, which may be attributed to the incomplete wetting of the surfaces exposed to the continuous phase and hence reduced hydrophilic interactions and a lower tendency to form liquid bridges. Since attractive forces arising from liquid bridges are directly proportional to the cosinus of the contact angle sphere-oil-water (cos q), the liquid bridge formed with the hydrophobic spheres will be weaker [16] .
The flocculation of particles and droplets leads to a reduced interface between oil and the particles. This means that the surfaces are oversaturated and emulsifier has to desorb from the interface to form micelles in the continuous phase or multilayer structures on the surface of the particles [11] , [17] . The interfacial energy of the final state of the mixture is strongly reduced and the mixture is stable except for sedimentation.
SUMMARY / OUTLOOK
The present new approach to studying interaction phenomena occuring during the mixing of an emulsion and a suspension can quantify the effect of the particle-particle and particle-continuous phase interactions on the apparent viscosity of the mixture. The flow behavior of structurally stable suspensions can be measured using the same geometry as for the mixing. The torque and the rotational speed from the flow curves obtained can be used to calculate the representative viscosities as a function of rotational speed or -if the mixture can be measured as well in a conventional rheometer geometry -as a function of representative shear rate.
The results obtained can be helpful for studying particle-particle interactions as occuring in agglomeration in suspension processes, a separation process where fines are agglomerated using a binder liquid [18] . Our future work will concentrate on the interactions of the model suspension particles with the droplets of the model emulsion. A dependence of the interaction strength and the speed of interactions from particle coverage with emulsifiers can be presumed and was already demonstrated in preliminary experiments.
